Nanocrystalline magnesium oxide (nano-MgO) has been used as an efficient catalyst for an improved synthesis of selective oxidation of benzoins to benzils in the presence of acetonitrile as solvent in air atmosphere for the first time. The present procedure has the following advantages: it is green, requires milder conditions and a shorter reaction time while providing higher yelds and selectiivity.
Introduction
In recent years, nanostructured materials have attracted great interest due to their particular physical and chemical properties. [1] Among them, nanosized magnesium oxide (MgO) has a wide range of applications such as catalysts, [2, 3] refractory materials, [4] optically transparent ceramic windows, [5] etc. Magnesium oxide with large specific surface area is also a potential catalyst support for various reactions and a promising sorbent for chemisorptions and destructive adsorption of a variety of pollutants. In the field of catalysis, MgO has strong basic properties, which are associated with catalysis by bases in many organic reactions, [6] Nanoscale supports create catalysts with more edges and corners, which can lead to higher performance of the catalyst. [7] 1,2-Diketones are very important structural moieties in numerous biologically interesting compounds and are broadly utilised for construction of complex structures in organic synthesis. Among the numerous 1,2-diketones, benzil derivatives have received a special attention because of its practical applications in organic and pharmaceutical industry such as photosensitive and synthetic reagents. [8] Benzil is extensively used as substrate in benzylic rearrangements and also acts as a starting material for the synthesis of many heterocyclic compounds [9, 10] exhibiting biological activity such as anticonvulsant derivative dilantin. [11, 12] The oxidation of benzoins is one of the most efficient and practical methods for the synthesis of benzils. In general, the oxidation of benzoins to benzils has been used, such as hallium nitrate, [13] ammonium nitrate-copper acetate, [14] bismuth nitrate-copper acetate, [15] and ferric nitrate. [16] The use of homogeneous reagents for the oxidation of benzoin limits their practical utilisations over heterogeneous catalysts in terms of product recovery, product selectivity and environmental concerns. [17, 18] Many heterogeneous catalysts such as ferric oxide-aluminum oxide, [19] VOCl 3 , [20] chromium trioxide on Kieselguhr, [21] silica-supported manganese dioxide, [22] ammonium chlorochromate adsorbed on alumina [23] or silica, [24] alumina or silica gel [25] and commercial alumina [26] were used to oxidise benzoins to benzils to overcome these difficulties but the desired product selectivity still remains a challenge for this interesting reaction. Recently, much attention has been focused on the development of green oxidation processes. Among various green oxidants, molecular oxygen has received more attention as the primary oxidant in the presence of heterogeneous catalysts for the oxidation of benzoin to benzyls. [8, [27] [28] [29] However, there are few reports concerning the direct oxidation of benzoin to benzil with air catalysed by nanoparticles as nanocatalyst.
In the present study, we would like to report a simple and convenient method for the effective and selective oxidation of benzoin derivatives to corresponding benzils under air atmosphere using nanocrystalline magnesium oxide with high specific surface area of approximately 116 m 2 g À1 and a crystallite size of approximately 12 nm as a novel and efficient catalyst (Scheme 1).
Results and discussion
In an initial study, for examination of catalytic activity of different catalysts such as Al 2 O 3 , MnO, MgO and nano-MgO in aerobic oxidation of benzoin to benzil, 1 mmol benzoin (1a), 2 mol% catalyst and 5 mL of dry acetonitrile [30] was added in a round-bottom flask at 100 C under stirring conditions. In all, only 2a was formed as a major product with 100% product selectivity. No product was obtained in the absence of the catalyst, indicating that the catalyst was necessary for this transformation. In the course of this study we found that MgO was the most effective catalyst (Table 1) . Therefore, we decided to use Scheme 1. Oxidation of benzoin derivatives to benzil derivatives using nanocrystalline MgO. À1 . The pore volume and pore size were also calculated from the N 2 adsorption result; the pore size was approximately 21.1 nm and the pore volume approximately 0.69 cm 3 g À1 . The theoretical particle size was also calculated from surface area, assuming spherical particles, from the equation
where D BET is the equivalent particle diameter in nanometers, r is the density of the material in g cm À3 and S is the specific surface area in m 2 g
À1
. The particle size calculated from Equation (1) was 14.4 nm, which confirmed the nanostructure of the MgO sample. [31] The transmission electron microscopy (TEM) image of MgO nanostructure is shown in Figure 1 . As can be seen, the sample has a nanocrystalline structure with a plate-like shape. [31] We initiated a solvent screen to explore the effect of different solvents on the oxidation of 1a and also summarised in Table 2 . The results show the most yield of 2a was achieved at acetonitrile. When other solvents were used, no significant improvement in the yield was observed. It seems that in the oxidation procedure, the conversion of benzil depends directly on the polarity solvent and acetonitrile was chosen because of its high polarity. As shown in Table 2 , at the catalyst to oxidant ratio of 1:2, the best yield of 2a was achieved (Table 2, Entry 9). Among the various oxidants (H 2 O 2 , m-perchlorobenzoic acid and air), it was concluded that the best activity and selectivity can be achieved by air itself under optimised reaction conditions (Table 3 ). We further observed that air present inside the reaction mixture itself is sufficient enough to derive this reaction and hence no additional supply of the air was pumped into the reaction mixture.
As shown in Table 4 , the oxidation of benzoins 1 by nanocrystalline MgO was carried out in good yield under mild reaction conditions. From the results in Table 4 , it seems that the benzoins containing electron-donating group were found to be more reactive and could be oxidised more easily (1b and 1f). In contrast, the benzoins containing electronwithdrawing group have shown lower reactivity 1j. These results show the significant effect of substituents on the oxidation. Journal of Experimental Nanoscience 3 This reaction is heterogeneous, taking place at the MgO nanocrystallines. On the other hand, the nanocatalyst MgO with high surface area and plate-like shape can lead to higher performance of the catalyst compared with the other catalysts. Moreover, the high efficiency of the nanoparticle oxides is caused not only by their high surface area but also by the high concentration of low coordinated sites and structural defects on their surface. [31] As shown in Scheme 2, a reaction mechanism for the oxidation of benzoin was proposed based on a similar reaction mechanism published by Azizian et al. [33] and Skobridis et al. [26] . The MgO materials exhibit a satisfactory adsorptive property, because of their higher specific surface area. [34] Moreover, its strong basicity may be attributed to the easier adsorption of an a-proton from benzoin by a basic site of the catalyst. In this proposed mechanism, benzoin adsorbs reversibly onto active site of the catalyst, and then undergoes dehydrogenation from the a-C-atom, leading to a stabilised enediolate anion which reacts further. Although the exact mechanism of this novel MgO-catalysed aerobic oxidation reaction is not yet totally clear, we suggest that the reaction proceeds through an anionic intermediate, which reacts further with molecular oxygen to give benzil.
After completion of the reaction, the catalyst was reused for the next cycle without any appreciable loss of its activity. Similarly, reusability for the sequential reaction was also carried out and the catalyst was found to be reusable for five cycles (Figure 2 ).
Experimental
Chemicals were purchased from Merck and Aldrich Chemical Company. Solvents were purified and dried according to standard procedures. [30] NMR spectra were recorded with tetramethylsilane as the internal standard. Thin layer chromatography (TLC) was performed on glass-backed silica plates. Column chromatography was performed using silica gel (200-300 mesh) eluting with ethyl acetate and petroleum ether.
1 H NMR spectra were recorded at 400 MHz, and 13 C NMR spectra were recorded at 100 MHz (Bruker Avance). Chemical shifts (d) are reported in parts per million. Coupling constants (J) are given in hertz. ESI-HRMS spectrometer was measured with a Finnigan LCQ DECA ion trap mass spectrometer. IR spectra were recorded as KBr pellets on a PerkinElmer 781 spectrophotometer and on an Impact 400 Nicolet FTIR spectrophotometer. Melting points were Scheme 2. Proposed mechanism for oxidation of benzoin to benzil using nano-MgO.
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determined in open capillaries using an Electrothermal Mk3 apparatus. The element analyses (C, H, N) were obtained from a Carlo ERBA Model EA 1108 analyser carried out on PerkinElmer 240c analyser. XRD analysis was performed with an X-ray diffractometer (PANalytical X'Pert-Pro) using a Cu-Ka monochromatic radiation source and a Ni filter. TEM was performed with a Jeol JEM-2100UHR, operated at 200 kV.
Preparation of nanocrystalline MgO
Nanocrystalline MgO was prepared by means of a procedure reported elsewhere. [31] In short, poly(vinyl alcohol) (PVA, MW 70,000) was dissolved in water at 90 C under vigorous stirring to form a transparent solution. Mg(NO 3 ) 2 Á6H 2 O was dissolved in water containing PVA. The metal ion-to-PVA monomer unit molar ratio (M/PVA) was chosen as 1:3. Aqueous ammonia (25% w/w) was added dropwise at room temperature to the resulting viscous liquid mixture, with rapid stirring, to achieve careful pH adjustment to 10.5. After precipitation, the slurry was stirred for another 30 min and then heated under reflux at 80 C for 20 h under continuous stirring. The mixture was cooled to room temperature, filtered and washed with hot deionised water for effective removal of the PVA. The final product was dried at 80 C for 24 h and calcined at 700 C.
General procedure for the oxidation of benzoins to benzils
To a mixture of benzoin (1 mmol), and nanocrystalline MgO (2 mol%) in a 100 mL roundbottom flask, acetonitrile (5 mL) was added. The reaction mixture was stirred at 100 C in an atmospheric air for an appropriate time (monitored by TLC). On completion, the 6 Z. Zarnegar and J. Safari reaction mixture was filtered while hot and the residue was washed with hot acetonitrile (2 Â 5 mL). The product was obtained after removal of the solvent under reduced pressure followed by crystallisation or column chromatography. The catalyst was recovered from the residue after washing with CH 2 Cl 2 (10 mL) followed by distilled water (200 mL) and then with acetone (15 mL). It can be re-used after drying at 80 C for 2 h. The structures of the products were confirmed by spectral data and comparison with authentic samples prepared according to the literature methods. Z. Zarnegar and J. Safari
Conclusions
In conclusion, liquid phase aerial oxidation of benzoin was carried out using nanocrystalline MgO under milder reaction conditions. Very high activity and selectivity of the product was obtained. Moreover, the mild reaction conditions, high yield of products, ease of work-up and the ecologically clean selective procedure, will make the present method a useful and important addition to the present methodologies for the oxidation of benzoins to the corresponding benzils.
